Most migrating cells extrude their front by the force of actin polymerization. Polymerization requires an initial nucleation step, which is mediated by factors establishing either parallel filaments in the case of filopodia or branched filaments that form the branched lamellipodial network. Branches are considered essential for regular cell motility and are initiated by the Arp2/3 complex, which in turn is activated by nucleation-promoting factors of the WASP and WAVE families 1 
.
Here we employed rapid amoeboid crawling leukocytes and found that deletion of the WAVE complex eliminated actin branching and thus lamellipodia formation. The cells were left with parallel filaments at the leading edge, which translated, depending on the differentiation status of the cell, into a unipolar pointed cell shape or cells with multiple filopodia. Remarkably, unipolar cells migrated with increased speed and enormous directional persistence, while they were unable to turn towards chemotactic gradients. Cells with multiple filopodia retained chemotactic activity but their migration was progressively impaired with increasing geometrical complexity of the extracellular environment. These findings establish that diversified leading edge protrusions serve as explorative structures while they slow down actual locomotion.
The flat structure of lamellipodia is usually attributed to their surface adhesiveness, and transmembrane coupling of actin dynamics to substrate adhesions is considered to be the basis of the lamellipodium's role in locomotion 1 . Although interference with Arp2/3 activity consistently led to a loss of lamellipodial structures, the reported effects on actual cell motility are variable, with some cells retaining a certain locomotor activity, while others severely slow down or lose their ability to interpret gradients of guidance cues. A common theme of previous studies is that Arp2/3 controls the organization of adhesive structures and thereby alters motility [2] [3] [4] . Notably, most leukocytes are able to migrate in the absence of tight surface adhesions but still form prominent lamellipodia 5 . Hence, the topology of their cytoskeletal organization has a much more immediate impact on cell shape and possibly locomotion, raising the question of if and how lamellipodia contribute to low adhesive leukocyte migration. A prototypic example of rapidly migrating leukocytes is dendritic cells (DCs), which earned their name because of their veiled appearance. Especially in their activated state, these cells extend multiple membrane sheets, creating the lettuce-like appearance of a cell with numerous lamellipodia. DCs are highly migratory in vivo and in fibrillar three-dimensional (3D) environments their locomotion is independent of integrins 6 . DCs exist in two states: immature (iDCs) and mature (mDCs). Maturation is a terminal differentiation step triggered by microbial encounter. It is accompanied by substantial remodelling of the DCs' proteome and initiates rapid migration from peripheral tissues to the draining lymph node, where DCs present peripherally acquired antigen to recirculating T cells 7 .
In this study we generate DCs from primary or transiently immortalized precursor cells 8 . Transient immortalization allowed us to introduce stable as well as transient genetic changes. First we dynamically mapped actin, Arp2/3 and nucleation-promoting factor localizations in i-and mDCs expressing fluorescent reporters. We focused on WASP and the WAVE complex as the prime candidates to drive Arp2/3 activation at the plasma membrane 9 . Total internal reflection (TIRF) microscopy of i-and mDCs migrating in confined environments revealed dot-like actin, Arp2/3, WASP and WAVE patterns in the mid zone of the cell body (Fig. 1a) . At the cell front WASP was absent in iDCs but weakly detectable in mDCs (Fig. 1a) . In protruding lamellipodia of i-and mDCs, the presence of Arp2/3 was accompanied by the localization of WAVE components in a fine line at the lamellipodial tip. Here WAVE components were enhanced during protrusion and vanished during phases of stagnation or retraction ( Fig. 1a and Supplementary Videos 1 and 2 ). On the basis of these localization data and the absence of significant shape alterations in WASP-deficient DCs, we genetically targeted the WAVE complex as the likely driver of lamellipodia formation. To this end, we used conditional gene targeting in mice to delete hem1 ( Supplementary  Fig. 1 ), a subunit of the complex that is specific for the haematopoietic system 10, 11 . hem1 −/− DCs showed regular differentiation and none of the three WAVE isoforms was detectable ( Supplementary Fig. 2A,B) , indicating degradation of the pentameric complex in the absence of hem1 12, 13 . Strikingly, hem1 −/− iDCs lacked the usual lamellipodia and displayed an almost linear needle-like shape, with one sharply pointed front and a rounded rear (Fig. 1b and Supplementary Fig. 2C and Supplementary Video 3). Similarly, deletion of WAVE2 (another member of the WAVE complex) by CRISPR-mediated genome editing in transiently immortalized haematopoietic precursor cells phenocopied the needle-like shape, excluding WAVE-independent functions as the origin of the phenotype (Supplementary Fig. 2D ). In hem1-deficient cells, no Arp2/3 accumulated at the leading edge, while Arp2/3-and WASP-positive dots were still detectable throughout the cell body ( Fig. 1c and Supplementary Fig. 2E ). Cortical actin appeared unchanged and myosin light chain located to the cell rear as it did in control cells (Supplementary Fig. 2F ). Consistent with the loss of lamellipodia, total F-actin levels, as measured by flow cytometric analysis of incorporated phalloidin, were decreased by ∼35%. There was no detectable difference in G-actin content ( Supplementary  Fig. 2G,H) .
This indicated that cytoskeletal alterations in the mutant cells were restricted to the leading front. While pharmacological disruption of microtubules only mildly altered the shape of hem1 −/− cells, interference with F-actin by latrunculin A as well as treatment with the pan-formin inhibitor SMIFH2 14 led to immediate and complete cell rounding (Fig. 1d) . This suggested that the pointed extension is driven by formin-mediated actin nucleation. To follow up this notion, we performed electron tomography to trace actin filaments in situ. Wildtype cells showed canonical branch points with a 70
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(d) Left: average distance (µm) of differentially labelled wt and hem1 −/− mDCs from the LN capsule 4.5 h after intralymphatic injection. Blue and green dots connected with a line represent data from one LN. Two-tailed t-test (log transformed), not significant (NS) P = 0.6. n = 11 LNs from one experiment. Right: example of LN 4.5 h after intralymphatic coinjection of wt (red) and hem1 −/− (green) mDCs. LN is stained for smooth muscle actin (SMA, blue). Scale bar, 300 µm. distributed across the lamellipodium 15, 16 ( Fig. 1e and Supplementary  Fig. 2I and Supplementary Video 4). In contrast, the pointed tips of hem1 −/− iDCs contained entirely linear arrays of parallel filaments ( Fig. 1f and Supplementary Fig. 2I ) with barbed ends oriented towards the pointed cell edge (Supplementary Video 5) 17 . These findings demonstrate that in the absence of Arp2/3 activation, actin branches at the leading edge are lost and filaments arrange into linear arrays, causing the pointed protrusion morphology.
Notably, on maturation, hem1 −/− DCs lost their linear shape and the cell bodies rounded up. However, instead of the usual broad and veiled lamellipodial protrusions found in control cells, they formed multiple dynamic, thin filopodial extensions and showed a ∼50% reduction in F-actin levels ( Fig. 1b and Supplementary Fig. 2C ,G and H and Supplementary Video 3). With immature and mature WAVEcomplex-deficient DCs, we had two morphologically different cell variants at hand, where lamellipodia were either replaced by one or multiple filopodia. In the following, we utilized these mutants and their respective control counterparts as a tool to dissect the role of lamellipodia and filopodia in guided locomotion within physiological environments.
MDCs use the chemokine receptor CCR7, to sense the two chemokines, CCL19 and CCL21, which guide the cells from the periphery into the draining lymph node control mDCs into mouse footpads and found that hem1 −/− cells had a competitive disadvantage to reach the draining lymph node (Fig. 2a,b ). To determine at which level the cells were impaired we measured migration in mouse ear explants, where chemokine-guided interstitial migration versus entry into the lymphatic vessels can be distinguished. hem1 −/− cells preferentially accumulated at the lymphatic vessel wall, while control cells located in the vessel lumen (Fig. 2b,c) . The perivascular accumulation was pronounced even after extended times of intravasation, indicating that beyond a possible defect in interstitial crawling, the vessel wall represents a rate-limiting barrier for the mutant cells ( Supplementary Fig. 3A ,B). When we bypassed the peripheral tissue and the vessel wall by directly injecting the cells into afferent lymphatic vessels 18 , they equally entered the deep T-cell areas ( Fig. 2b and d ). This shows that the passage through the loose and primarily cellular environment of the lymph node was intact, whereas hem1 −/− mDCs had a possible defect in interstitial crawling and a pronounced defect in intravasation. Intravasation begins with the passage through the endothelial basement membrane, which constitutes a perforated sheet, where cells transiently halt and probe the surface to select an appropriate pore for entry 19 . We hypothesized that lamellipodia might act as effective 'analogue' exploratory sensors to sample the geometry of the tissue, whereas filopodia have a limited sampling range due to their 'digital' configuration. To test sampling in complex environments, we measured chemotaxis through collagen gels of increasing density and, thus, decreasing pore size 20 . In accordance with their shape in suspension, hem1 −/− mDCs migrated with multiple pointed instead of lamellipodial protrusions ( Fig. 2e and Supplementary Videos 6 and 7). At low collagen concentrations, both control and mutant cells showed efficient chemotaxis ( Fig. 2f and Supplementary Fig. 3C ). However, hem1 −/− mDCs migrated with significantly reduced speed (Fig. 2g) . Notably, the disadvantage in speed of hem1 −/− versus control mDCs increased with the density of the gels and hem1 −/− mDCs were virtually immobilized at high densities where their wild-type counterparts still effectively migrated (Fig. 2g,h ).
These data are compatible with the idea that lamellipodia are required to make optimal decisions when cells have to thread their cell body and nucleus through geometrically complex environments. However, Arp2/3 might also be involved in the cell body/nuclear passage as such 21 . To dissect these possibilities, we devised a series of more reductionist assay systems. We first mimicked barrier and decision-free 1D chemokine-driven migration by placing the cells into linear microfluidic channels with a geometry that completely confined the cells (Fig. 3a) 
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. Under these conditions, both control and hem1 −/− mDCs migrated efficiently and with no detectable difference in speed (Fig. 3b,c) . We next introduced constrictions into the channels, which of wt (blue) and hem1 −/− (green) iDCs in the absence of (triangles), or in response to (circles) CCL3 gradient. Mean (dots and triangles) ± s.e.m. (black bars). n = 6 collagen gels (wt and hem1 −/− CCL3) or n = 3 collagen gels (wt and hem1 −/− no chemokine) pooled from three biologically independent experiments. (f) Average fold increase in speed over time (min) of wt and hem1 −/− iDCs in response to CCL3 gradient compared with no chemokine. Mean (green and blue lines). Data stem from the same three biological replicates as in e. (g) Western blots of wt and hem1 −/− iDCs stimulated with CCL3 chemokine consecutively stained for phosphorylated Akt and GAPDH. are at the limiting size to allow nuclear passage (Fig. 3d ) 21 . Rates of passage or passage times were not reduced in hem1 −/− mDCs ( Fig. 3e,f) . After excluding defects in basic locomotion or nuclear passage in hem1 −/− mDCs, we sought to test their ability to make directional choices. To this end, we established microfluidic devices that confined the cells in the z dimension while the xy-field was built of roadblocks positioned with variable spacing. This essentially creates a maze that cells have to negotiate to follow chemokine gradients (Fig. 3g) . Control, as well as hem1 −/− , cells efficiently navigated along the gradients, but now hem1 −/− mDCs were considerably slower than control cells (Fig. 3h and Supplementary Video 8) . To measure protrusion dynamics, we determined the average change of cell area per frame. This was significantly reduced for hem1 −/− cells compared with their wild-type counterparts while overall cell size was unaffected ( Fig. 3i and Supplementary Fig. 3D ). This suggests that, when confronted with multiple directional choices, their reduced protrusion dynamics gives hem1 −/− mDCs a competitive disadvantage over control cells in efficiently negotiating complex environments.
We next compared the migration of unipolar hem1 −/− iDCs with control iDCs. When placed in low-density 3D collagen scaffolds, control cells showed vivid protrusion dynamics, but net displacements were minimal due to frequent directional changes (Fig. 4a,b and Supplementary Video 9). Strikingly, hem1
−/− cells migrated with substantially increased speed (Fig. 4c) and showed massively increased directional persistence (Fig. 4a and Supplementary Fig. 4A ). During migratory phases the cells maintained their linear shape ( Fig. 4b and Supplementary Video 10) and the rare directional changes were associated either with transient arrest and rounding or with occasional bifurcation of the leading edge (Supplementary Video 10). Bifurcations consistently caused deceleration ( Supplementary Fig. 4B and Supplementary Video 10). Importantly, also control cells showed phases of straight and fast migration and these were associated with elongated morphology. This was shown quantitatively by a correlation between shape index and migratory speed ( Supplementary Fig. 4C ). These observations support the idea that diversification of the leading edge effectively slows locomotion 23, 24 . This might potentially explain the gain in migration speed of unipolar hem1 −/− iDCs compared with their control counterparts.
To test the chemotactic response of WAVE-complex-deficient iDCs, we incorporated them into 3D collagen gels and exposed them to gradients of CCL3. In contrast to wild-type controls, hem1 −/− as well as wave2-/-iDCs showed only minimal responses to chemotactic gradients (Fig. 4d,e and Supplementary Fig. 4D,E) . Notably, the chemokinetic response of both mutants and controls followed the same dynamics, suggesting that chemokine sensing, signalling or signal adaptation was unimpaired (Fig. 4f) . In line with these data, signalling following chemokine exposure was unimpaired ( Fig. 4g and Supplementary Fig. 4F ) when measured biochemically at the level of phosphorylation of downstream targets.
These data suggest that lamellipodia and filopodia primarily serve as directional selectors in these cells 25, 26 , while the main forces driving actual locomotion might be generated elsewhere. To directly probe the role of lamellipodia in force transduction, we devised a microfluidic set-up where leukocytes migrate confined between two parallel surfaces 27 ( Fig. 5a ). This reductionist setting allowed cells to efficiently migrate under minimal adhesive conditions in an actin-dependent manner 5 . When migrating DCs expressing an actin reporter were simultaneously imaged with wide-field and TIRF microscopy, it turned out that lamellipodial actin rarely contacted the substrate, while the cell body formed a continuous interface, where retrograde actin flow was minimal compared with the lamellipodial region ( Fig. 5b and Supplementary Video 11) . We obtained comparable data with migrating lymphoblasts and neutrophil granulocytes (Fig. 5c,d and Supplementary Video 11) but not with adhesively migrating fish keratocytes, which form large lamellipodia in continuous contact with the substrate (5e and Supplementary Video 11). Fast confocal observation of migrating mDCs expressing Abi1-GFP, which decorates the lamellipodial tip, confirmed that lamellipodia are in contact with neither bottom nor top surfaces, thereby largely undulating in the free space between the confining surfaces (Fig. 5f,g and  Supplementary Video 12) .
Together, we show that in fast-migrating leukocytes, actin-driven protrusions in the form of lamellipodia and filopodia facilitate directional choices and invasion of complex matrices, while actual translocation is driven by the cell body 28 ( Supplementary Fig. 5 ). This mechanism differs from mesenchymal migration 29 , where adhesions are born in the lamellipodium and thereby determine cell shape and mediate translocation. Migration with a freely exploring lamellipodium is more in line with bleb-driven locomotion where the (actin free) cell front is unlikely to participate in force transduction and friction with the substrate mainly emerges in the central regions of the cell 30, 31 . We therefore suggest that the leukocyte's lamellipodium is rather a sensory organelle than a force-transducing unit.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of this paper.
Note: Supplementary Information is available in the online version of the paper DOI: 10.1038/ncb3426
Cell culture and transgene delivery. R10 medium, consisting of RPMI 1640, supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U ml −1 penicillin, 100 µg ml −1 streptomycin and 50 µM 2-mercaptoethanol (all Invitrogen), was used as basic medium for all cells unless stated otherwise. All cells were grown and maintained at 37 • C/5% CO 2 unless noted otherwise.
No cell lines used in this study were found in the database of commonly misidentified cell lines that is maintained by ICLAC and NCBI biosample. The cell lines were not authenticated. Cell lines tested negative for mycoplasma.
Plasmids and lentivirus production. The following fusion constructs were as described: Lifeact-eGFP 32 , eGFP-ArpC5B and eGFP-Abi1 33 , eGFP-WASP and eGFP-WAVE2 34 , eGFP-WAVE1 and eGFP-WAVE3 35 . MLC-eGFP was a gift from M. Olson (Beatson Institute, UK).
Fusion-protein-coding lentiviruses were produced in LX-293 HEK cells (Clontech) by co-transfection of the expression plasmids (pLenti6.3, Invitrogen) with pCMV-dR8.91 packaging-and pCMV-VSV-G envelope plasmids (a gift from B. Weinberg, MIT, USA, Addgene plasmid no. 8454). To create the lentiviral CRISPR WAVE2 knockout construct, a gRNA (5 -GCAAATGTCATCCGACAGCT-3 ) directed against the first exon of the wasf2 gene was cloned into the LentiCRISPRv1 vector (a gift from F. Zhang (Broad Institute of MIT and Harvard, USA), Addgene plasmid no. 49535).
Animals. All animal experiments are in accordance with the Austrian law for animal experiments. Permission was granted by the Austrian federal ministry of science, research and economy (identification code: BMWF-66.018/0005-II/3b/2012). Mice were bred and maintained at the local animal facility in accordance with the IST Austria ethics commission.
Dendritic cells. Dendritic cells (DCs) were differentiated from bone marrow or transiently immortalized haematopoietic precursors 8 , both originating from 6-12-week-old, male or female C57BL/6J wt or hem1 −/− mice (for description of generation, see Supplementary Fig. 1 ).
Cells were differentiated in 9 ml R10, supplied with 1 ml in-house-generated granulocyte-macrophage colony stimulating factor (GM-CSF) hybridoma supernatant. On day 3, 8 ml R10, supplied with 2 ml GM-CSF, was added. Half of the medium was replaced on day 6. iDCs were used from day 7 on. For maturation, lipopolysaccharide (LPS) from Escherichia coli 0127:B8 (Sigma) was added to an end concentration of 200 ng ml −1 overnight.
For transgene delivery, bone marrow-derived DCs were transfected with 4-5 µg DNA, using the Mouse T cell Nucleofector Kit (Lonza). Transfected DCs were used one day after transfection and enriched by FACS for GFP-expressing cells.
Immortalized haematopoietic precursors were spin-infected (1,500g , 1 h) with lentiviruses in the presence of 8 µg ml −1 Polybrene. Cells were selected with either 10 µg ml −1 blasticidin (pLenti6.3) or 4 µg ml −1 puromycin (LentiCRISPRv1).
T cells. LMR7.5 Lack T cell hybridoma cells were a gift from A. M. Lennon (U932, Institut Curie, Paris, France) and used with the courtesy of N. Glaichenhaus (IPMC UMR7525, UNS, Sophia-Antipolis, France). The Mouse T cell Nucleofector Kit (Lonza) was used for Lifeact-GFP delivery. Before analysis, cells were cultured for 14 days in R10 supplied with 700 µg ml −1 geneticin (G418, Invitrogen).
Neutrophils. Neutrophils were enriched from bone marrow of 6-12-week-old, male or female C57BL/6J mice, heterozygous transgenic for Lifeact-eGFP, using the Easy step mouse neutrophil enrichment kit (Stemcell).
Keratocytes. Scales of adult Tg(actb:lifeact-GFP) 36 fish were transferred to cell culture dishes containing start medium as described previously 37 . After 1 day incubation at 28 • C, monolayers of cells were treated with 1 mM EDTA in running buffer 37 for 45-60 min to release individual cells.
Imaging and geometric confinement of cells. Confinement. For imaging of eGFPArpC5, eGFP-WASP and eGFP-Abi1, i-and mDCs were injected between PEGcoated glass and an agarose/medium layer as described previously 5 . CCL3 (iDCs) or CCL19 (mDCs) (both Peprotech) was used as chemo attractant.
For eGFP-Abi1 mDCs shown in Fig. 5f ,g and all other cells, PDMS micropillars with defined heights were used for confinement. Briefly, the PDMS mixture (elastomer/curing agent ratio 7:1, Sylgard 184 Silicone Elastomer Kit, Dow Corning) was deposited onto a 3-or 4-µm-height micropillar mould produced by photolithography (for initial experiments provided by M. Le Berre, U144, Institut Curie, then produced at IST Austria by J. Merrin). Plasma-cleaned, round 12 mm glass coverslips (Menzel-Gläser, VWR) were placed onto the mould and cured at 95 • C for 15 min. Subsequently, micropillar-bearing coverslips were detached from the mould. For soft PDMS pistons, the PDMS mixture (elastomer/curing agent ratio 30:1, Sylgard 184 Silicone Elastomer Kit, Dow Corning) was cast into a home-made metal mould. Soft pistons were glued to the lid of the dish to apply pressure on the coverslip.
Before imaging, PDMS micropillars were coated with PLL-PEG and placed on the soft piston on the lid. In the case of T cells, coverslips were coated with 25 µg ml −1 fibronectin for 1 h. Cells were pipetted onto the coverslip and confined by applying the lid with the attached micropillar. The lid and coverslip were sealed with strong tape.
Dishes with failed confinement, assessed by cell morphology, were excluded from analysis.
Imaging. Confocal microscopy was performed on a motorized and heated stage at 37 • C/5% CO 2 with an inverted microscope (Zeiss), equipped with a spinning-disc system (iXon897, Andor), a Plan-Apochromat 100×/1.4 oil objective (Zeiss) and a 488 laser.
Total internal reflection (TIRF) microscopy was performed at 37 • C/5% CO 2 or at room temperature in the case of fish keratocytes, using an inverted Axiovert 200 (Zeiss) microscope, a TIRF 488/561-nm laser system (Visitron Systems) and an Evolve EMCCD camera (Photometrics) triggered by VisiView software (Visitron).
ImageJ was used for image-and kymograph analysis. Volocity (Perkin Elmer) was used for 3D reconstructions.
Preparation of scanning electron microscopy (SEM) samples. Wt or hem1 −/− iDCs were seeded onto plasma-cleaned and poly-L-lysine (Sigma)-coated coverslips in R10 and incubated for 30 min at 37 • C/5% CO 2 . For fixation, samples were washed with warm, serum-free, RPMI 1640 and fixed, using warm Trump's fixative (1% glutaraldehyde, 4% formaldehyde in 0.1 M phosphate buffer, pH 7.2) followed by 1% osmium tetroxide in water. After rinsing with water, samples were dehydrated in a graded series of acetone and critical point dried in a Balzers CPD 030. Samples were examined with a FEG-SEM Quanta 200 (FEI, Eindhoven, Netherlands) operated at 5 kV and equipped with an Everhart-Thornley detector. At least 10 cells were imaged for each genotype and maturation state. Cells that showed clear morphological defects due to the fixation were excluded from the analysis. Supplementary  Table 1 . Prior to staining with primary antibody, Fc receptors were blocked (using anti-mouse CD16/CD32) to prevent unspecific antibody binding. In the case of biotin-labelled primary antibodies, PE-labelled streptavidin was subsequently used for staining. All incubation steps were carried out for 15 min at 4 • C, except CCR7-PE, which was incubated for 30 min at 37 • C. All samples were kept on ice until data acquisition on a FACS Aria III (Beckton Dickinson). All stainings were carried out three times with cells from biologically independent samples. Total F-actin stain. Wt and hem1 −/− i-and mDCs (3 × 10 5 ) were seeded into a PLL-PEG-coated 12-well plate in 500 µl R10, recovered at 37 • C for 30 min and stained during fixation (4% PFA, 20 µM FITC-phalloidin and 0.5% saponin in PBS, 500 µl, 20 min at 37 • C). Samples were analysed on a FACS Aria III. Stainings were carried out three times with cells from biologically independent samples.
FACS antibody staining of surface markers. All stainings were carried out in FACS buffer (1× PBS, 2 mM EDTA, 1% BSA). Used antibodies are listed in

Immunodetection of actin, WAVE proteins and phospho-proteins.
For western blotting, wt and hem1 −/− i-and mDCs were spun down and re-suspended in RIPA buffer (NEB), supplemented with PhosSTOP (Roche) and complete protease inhibitor (Roche). For detection of Akt and phosphorylated Akt after chemokine stimulation, wt and hem1 −/− iDCs were stimulated with CCL3 (PeproTech, final concentration: 0.625 µg ml −1 ) for the indicated times.
Cell lysates were prepared according to NEB's protocol and subsequently used for immunodetection. In all cases, GAPDH was used as loading control. Used antibodies are listed in Supplementary Table 1. Protein lysates were separated by SDS-PAGE on Novex 4-12% Tris-Glycine gradient gels (Invitrogen) and subsequently electrophoretically transferred to a PVDF membrane using the iBlot(R) Western Blotting System (Invitrogen). Membranes were blocked in 5% BSA/TBS-T for one hour before overnight incubation with primary antibodies at 4 • C. In the case of actin, membranes were blocked with 5% nonfat milk/TBS-T and incubated with primary antibody for 1 h at room temperature. After washing with TBS-T, membranes were incubated with secondary horseradish peroxidase (HRP)-coupled antibody for one hour. Enhanced chemiluminescent substrate for HRP (SuperSignal West Femto Chemiluminescent Substrate, Thermo Fisher) was applied to membranes prior to detection of the chemiluminescent signal with the Molecular Imager(R) VersaDoc MP Imaging System (Bio Rad).
Pharmacological disruption of the cytoskeleton. hem1 −/− iDCs were plated in prewarmed R10 medium, with end concentrations of 100 nM latrunculin A, 1 µM nocodazole or 50 µM SMIFH2. Cells were incubated at 37 • C/5% CO 2 for 30 min prior to imaging (Leica DM IL Led, inverted microscope with attached Leica DFC450 digital camera). For image analysis and quantification the total and number of pointed, needle shaped (defined by an aspect ratio >2) cells were counted and their percentage under the different treatments was determined. The experiment was carried out three times, using cells from biologically independent samples. No sample was excluded from analysis.
Electron tomography. Wt and hem1 −/− iDCs were seeded onto poly-L-lysine (Sigma)-coated EM-grids (1% formvar-coated 200 mesh hexagonal Au grids with additional carbon, glow discharged, Agar Scientific) for 2 h. Afterwards, cells were simultaneously extracted and fixed with 0.5% Triton X-100 (Fluka) and 0.25% glutaraldehyde (Agar Scientific) in cytoskeleton buffer (10 mM MES, 150 mM NaCl, 5 mM EGTA, 5 mM glucose, and 5 mM MgCl 2 , pH 6.1). After initial fixation of 1-2 min, post fixation was carried out for 15 min in cytoskeleton buffer containing 2% glutaraldehyde and 1 µg ml −1 phalloidin (Life Technologies). Samples were stored in 2% glutaraldehyde with 10 µg ml −1 phalloidin at 4 • C before processing for EM.
For electron tomography, gold grids were stained with 5-8% sodium silicotungstate including 1 µg ml −1 phalloidin and a 1:10 BSA-gold colloid preparation. Tilt series were acquired on an FEI Tecnai F30 Helium (Polara) microscope, operated at 300 kV and cooled to approximately 80 K. Automated acquisition of tilt series was driven by SerialEM 3.x. For every sample two tilt series around orthogonal axes were recorded on a Gatan UltraScan 4000 CCD camera at magnifications ranging from ×31,000 to ×39,000 with binning 2, giving a typical pixel size of 0.75-0.59 nm. Re-projections from the tilt series were generated using IMOD software from the Boulder Laboratory for 3D Electron Microscopy of Cells (http://bio3d.colorado.edu/imod), using the gold particles as fiducials for alignments. Using IMOD, filaments were manually tracked and models generated. A typical tomogram comprised a z-stack of 75-95 sections of 0.746 nm each (≈56-71 nm in total). The polarity of actin filaments in tomograms of negatively stained samples was determined using a filament straightening protocol and cross-correlation analysis as described previously 17 . The whole procedure was carried out for two cells per genotype. Cells that clearly showed aberrant morphology were excluded from the analysis.
To determine the distribution of filament angles relative to the leading edge, actin filaments were tracked automatically from tomograms. First, a low-pass filter was applied, followed by application of an automated tracking tool 38 . 0 • were designated to filaments growing perpendicular to the leading edge while ± 90 • were designated to parallel growing filaments. Filaments below 60-nm length were discarded from the analysis.
In vivo migration assay. Wt and hem1 −/− mDCs were labelled with 10 µM TAMRA or 3 µM Oregon Green (both Invitrogen) respectively, and vice versa. DCs (1 × 10 6 ) at a 1:1 ratio were suspended in 25 µl PBS and injected subcutaneously into hind footpads of 8-week-old, female wt C57BL/6J mice. After 24 h, draining popliteal LNs were harvested and cut with scissors in complete DMEM, supplied with 2.5% FCS, 100 U ml −1 penicillin, 100 µg ml −1 streptomycin, 2 mM L-glutamine (all Invitrogen) and 10 mM HEPES (Sigma-Aldrich). This was followed by digestion with collagenase D and DNase I in the presence of CaCl 2 for 30 min at 37 • C (final concentrations: 3 mM CaCl 2 (Sigma-Aldrich), 0.5 mg ml −1 collagenase D (Roche), 40 µg ml −1 DNase I (Roche) EDTA 0.5 M (Sigma-Aldrich)). The reaction was stopped by addition of 10 mM EDTA. Cells were stained for CD11c and MHCII. Flow cytometry was used to identify injected DCs and their ratios were calculated as the absolute number of wt DCs divided by the absolute number of hem1 −/− DCs. As control, a 1:1 mixture of oppositely labelled wt DCs was used and quantified accordingly. Lymph nodes with very low numbers of recovered DCs (<100 total) were excluded from the analysis.
Ex vivo crawl in assay (end point analysis).
The assay was performed as described previously 6 . In brief, 4-6-week-old female C57BL/6J mice were euthanized, ears were split and the cartilage-free ventral half was used as migration matrix. Wt and hem1 −/− mDCs were labelled with 10 µM TAMRA or 5 µM CFSE (both Invitrogen), respectively, or vice versa, and mixed at a 1:1 ratio. Cells (6 × 10 4 ) were applied to invade the ear tissue for 20 min. Non-invaded cells were washed away and ear explants were incubated at 37 • C/5% CO 2 for 2, 4 or 6 h before fixation with 1% (w/v) paraformaldehyde (Sigma). LVs were immunostained (LYVE1 rat Ab, R&D, donkey anti-rat Alexa 647 secondary antibody, Jackson Immuno Research). Labelled DCs within the explants were visualized using a LSM 700 confocal microscope (Zeiss). Ear sheets with a thick fat layer preventing DCs from reaching LVs or ear sheets that ruptured were excluded from the analysis. The localization of DCs relative to LVs was analysed using ilastik v1.1.5 (http://ilastik.org) for segmentation and a custommade Matlab script.
Intralymphatic injections of differentially labelled wt and hem1 −/− mDCs. Wt and hem1 −/− mDCs were labelled with CFSE or TAMRA (10 µM, Invitrogen) respectively, and vice versa. Male, 7-8-week-old, C57BL/6J mice were anaesthetized by intraperitoneal injection of ketamine (10 mg kg −1 ) and xylazine (90 mg kg −1 ). After hair removal, a small incision was cut in the skin below the popliteal fossa and the LV draining the popliteal LN was exposed. A volume of 5 µl of a 1:1 cell mixture (60,000 cells total) was injected into the LV in 5 s pulses at 5 kPa pressure, using a micromanipulator-guided injector (PLI-100A, Warner Instruments). The incision was closed using tissue-adhesive glue (LiquiVet).
Popliteal LNs were harvested 4-4.5 h after intralymphatic injection, fixed in 4% PFA overnight and embedded in paraffin. Sections (3-4 µm thick) were fluorescently stained with Alexa-405-labelled anti-SMA antibody and images were acquired with an LSM 700 inverted microscope. Images were analysed using IMARIS imaging software. Based on the SMA staining the LN area was segmented into a single isosurface. A distance transformation was performed within the isosurface, yielding a new (distance-) channel with intensity values directly corresponding to the distance of the nearest edge of the isosurface. CFSE-and TAMRA-labelled cells were represented as dots and distance-channel intensities were used for quantifying the average migratory distance from the LN edge. Heavily damaged lymph nodes, assessed by morphology, were excluded from the analysis.
In vitro 3D chemotaxis assays within differently complex collagen matrices. Fibrillar rat-tail collagen type I (Becton Dickinson) matrices were reconstituted at pH 7.4 (0.345 N NaOH, 20 µM HEPES/MEM (Sigma)). Matrix densities were obtained by dilution of rat-tail collagen stock solution with 0.01 N HCl. mDCs (3 × 10 5 ) were mixed with collagen solutions at a ratio of 1:2. Cell-gel suspensions were cast into custom-made migration chambers and polymerized at 37 • C/5% CO 2 . Afterwards, gels were overlaid with CCL19 (0.625 µg ml −1 , R&D Systems). DC migration was observed via time-lapse video microscopy. Cells were tracked manually, using the 'Manual tracking Plug-in' for ImageJ. The ImageJ Chemotaxis tool was used to determine average (frame-to-frame) speed and chemotactic index (distance in gradient direction/total distance). The average ratio of displacement towards the chemokine source per frame was calculated from average displacements for each genotype, obtained by a custom-made script (determination of displacement towards chemokine source, see below).
Gels that failed to polymerize were excluded from the analysis.
Cell migration in straight and constricted microfabricated channels and microfabricated 'mazes' . The moulds for straight and constricted PDMS microchannels were a gift from M. Piel (Institut Curie, Paris, France). The dimensions of the straight channels are 5 µm width, 5 µm height. The constricted microchannels contain alternating segments of 7 µm width, 5 µm height and 1.5 µm width, 3 µm height, 10 µm length 21 . A detailed description for manufacturing the 'maze' mould can be found on Nature protocol exchange 39 . For device production, a 10:1 elastomer/curing agent PDMS mix (Sylgard 184 Silicone Elastomer Kit, Dow Corning) was poured over the moulds, degassed and cured at 85 • C overnight. Subsequently, devices were carefully peeled off the mould. Holes (2 mm diameter) for chemokine solution and cell suspension were punched on opposite sides of the devices. Subsequently, devices were plasma activated and bonded to glass slides at 85 • C for 1 h. Prior to cell loading, devices were plasma activated and equilibrated in R10 for 1 h at 37 • C, 5% CO 2 .
For the 'maze' assays, cells were stained with 10 µM TAMRA and one drop of 'NucBlue' (both Invitrogen) to follow protrusion dynamics and nuclear position. All devices were loaded with 50,000 wt or hem1 −/− mDCs (untouched or pre-treated for 30 min with 50 µM blebbistatin, Tocris). For gradient generation, the opposite hole was loaded with 10 µl CCL19 (PeproTech, 2.5 µg ml −1 ). In the case of blebbistatin treatment, the inhibitor was present in all media to an end concentration of 50 µM. DC migration was observed via time-lapse video microscopy.
The average (frame-to-frame) cell speed in the straight microchannel assays was determined using the 'Kymograph' plug-in for ImageJ (http://www.embl.de/ eamnet/html/body_kymograph.html). The percentage of cells passing the constriction was calculated from the total number of cells that touch the first constriction and the number of cells that touch and pass the first constriction. The passage time was calculated as the time between frames in which a cell touches the first constriction until it passes and loses contact with the constriction. For the 'maze' assays, average (frame-to-frame) cell speed was determined by tracking of the nuclei, using the ImageJ plug-in 'TrackMate' . To determine the cell area in each frame, cells were first segmented according to the TAMRA signal using ilastik v1.1.5 (http://ilastik.org). This resulted in binary images of the cells. Then, the cell area of single cells and its relative change over time was determined using a custom-made Matlab script.
Samples where cells failed to migrate into the microchannels or the maze were excluded from the analysis.
In vitro 3D chemotaxis assays. Chemotaxis assays were performed as described previously 6 . PureCol bovine collagen (INAMED) in 1× minimum essential medium DOI: 10.1038/ncb3426
eagle (MEM, Sigma) and 0.4% sodium bicarbonate (Sigma) was mixed with 3 × 10 5 iDCs in R10 at a 2:1 ratio, resulting in gels with a collagen concentration of 1.6 mg ml −1 . Collagen-cell mixtures were cast in custom-made migration chambers. After 45 min of polymerization of collagen fibres at 37 • C/5% CO 2 , gels were overlaid with CCL3 (PeproTech, 0.6 µg ml −1 ). DC migration was observed via time-lapse video microscopy and cells were tracked and analysed as described above. An inhouse made algorithm was used to determine the mean square displacement (MSD). Subsequently, the data were fitted to Furths formula to determine persistence time as has been described elsewhere 40 . Gels that failed to polymerize were excluded from the analysis.
Determination of displacement towards chemokine source and average speed. The average displacement of all cells towards the chemokine source was calculated with a custom-made script, employing ImageJ. In brief, cell migration image sequences were background corrected by subtracting the average of the sequence. Particle filtering was used to discard objects smaller or larger than the cells. For each image the lateral displacement that optimizes its overlap with the previous frame was determined.
Finally, the displacement towards the chemokine source was calculated from the optimal y-displacement in pixels, divided by the time between two consecutive frames.
To determine the average speed of iDCs in response to, and in the absence of, chemokine, independently of directionality, image sequences were background subtracted. The colour of the sequence was inverted and a maximum intensity filter of 2 pixels was applied. This yields image sequences that can be automatically tracked with the ImageJ plug-in 'TrackMate' . From automated tracking, the average speed for each time point was determined. The fold increase in speed was determined for wt and hem1 −/− iDCs by dividing the average speed at each time point in the presence of a CCL3 gradient by the average speed at each corresponding time point without chemokine.
Shape analysis of wt iDCs in 3D collagen gel. Wt iDCs were incorporated into collagen gels as described above. Time-lapse acquisition of z-stacks was performed at 37 • C/5% CO 2 , using an inverted wide-field Nikon Eclipse microscope, equipped with a 40×/0.8 DIC objective. ImageJ was used to produce image sequences consisting of standard deviation z projections. Cell outlines were drawn manually to obtain the circularity at each time point. The frame-to-frame speed was calculated from the x-y coordinates of each cell outline centroid.
Statistics and reproducibility.
Figures where statistics was used represent pooled data from independent biological replicates as indicated in the figure legends.
Appropriate controls were conducted for each biological replicate. All replicates were validated independently and pooled only when all showed the same result. Data were tested for normal distribution and, if necessary, transformed (log transformation in Fig. 2d ,f sqrt transformation in Figs 2g and 4c, exponential transformation in Supplementary Fig. 3C ) to fulfil the criteria for Student's t-test or ANOVA. The Mann-Whitney test was used for non-normal distributions. All analyses were performed with GraphPad Prism.
No statistical method was used to predetermine sample size. The experiments were not randomized and investigators were not blinded to allocation during experiments and outcome assessment.
For imaging of reporter constructs and SEM, 10-20 cells were observed on two different days. Western blots were carried out twice when no technical problems occurred. (D) Cre-mediated deletion of the targeted allele was achieved by crossing male hem1 fl/wt animals with female Keratin14-cre mice 3 and resulted in animals heterozygously deleted for hem1 (del/wt). (E) Heterozygous mice displayed no phenotype and were crossed to produce mice in which hem1 is deleted on both alleles. For detection of the Hem1 targeted allele, primers b and c (for sequences see Supplementary Table 1 .) were used giving rise to products sized 190 bp for wildtype and 220 bp for the targeted allele, respectively. For detecting Hem1 floxed alleles, primers d and e were used to obtain product sizes of 250 bp for wildtype and 350 bp for floxed alleles, respectively. Finally, to detect the deleted allele, primers b, c and e were used, giving rise to a 400 bp product. Figure 4G for total-Akt levels after CCL3 chemokine stimulation. GAPDH was used as loading control. Blot was consecutively stained for total Akt and GAPHD. Supplementary Figure 5 Schematic representation of migrating wt and WAVE deficient i-and mDCs. Summary of capabilities of wt and WAVE deficient i-and mDCs regarding (i) general Locomotion, (ii) gradient sensing and (iii) translation of sensing into navigation towards chemokine source. Wt i-and mDCs use their broad lammelipodia to efficiently negotiate complex 3D environments towards the chemokine source. In contrast, the multiple filopodia of WAVE deficient mDCs are inferior in finding optimal paths through complex environments. This slows down cell migration while the basic locomotion and gradient sensing machinery is unaffected. The single, needle shaped protrusion of WAVE deficient iDCs enables high migratory speed but is insufficient to navigate the cell towards chemokine gradients in complex environments. 
